Introduction
The global C budget has been drastically altered by anthropogenic activities leading to perturbations in the atmospheric composition especially since the onset of the industrial era (Lal 2004; Lal, 2014; Houghton 2014; Le Quéré et al., 2014 and . The components comprising the annual global C budget include five main sources and sinks (Lal 2004; Houghton 2014; Le Quéré et al., 2014 and i) CO 2 emissions from fossil fuel combustion and cement production that represents 9.8 ± 0.5 Pg C year −1 ; ii) CO 2 emissions from Land Use (LU) and Land Use Change (LUC) contributing 1.1 ± 0.5 Pg C year
; iii) atmospheric uptake by 3.9 ± 0.2 Pg C year −1 ; iv) uptake by land-based sinks, with a mitigation capacity of 4.1 ± 0.9 Pg C year
, and v) absorption by oceanic sink of 2.9 ± 0.5 Pg C year −1 (Houghton, 2014; Le Quéré et al., 2015) . Global estimates of historical C losses by LU and LUC range from 45 to 114 Pg C (mean = 79.5 Pg C) for the pre-1870 period, and from 108 to 188 Pg C (mean = 148 Pg C) from 1870 to 2014 (Lal, 2004) . Estimates of the depletion of C stock from world soils are at 78 Pg C by cultivation (Lal, 2004) representing 5.0% of the total SOC stored currently in the world soils (to 1-m depth). However, the historical greenhouse gases (GHG) emissions with strong impacts on atmospheric composition include deforestation and burning of native vegetation (67 Pg C) representing 10.8% of the C stock (Lal, 2004; Le Quéré et al., 2014 and in the terrestrial vegetation (620 Pg C). The onset of land degradation in South America, triggered by the conversion of native vegetation to pastureland, has been aggravated by overgrazing and abandoning of the degraded pastures. The historical C losses comprised of: a) the vegetation C emitted into the atmosphere by burning of the native vegetation (conversion to agricultural land) that was estimated at 7.3 Pg C and by oxidation of SOC by ploughing equivalent to 8.1 Pg C (Gloor et al., 2012) , while a part of the vegetation-C released is recycled and returned to the global C cycle through land sink and oceanic sink (Houghton, 2014; Le Quéré et al., 2014 and ; and b) the fossil C emitted into the atmosphere by combustion of oil, coal and natural gas that creates a hiatus between the global C cycling and geologic C reservoir. South America is a low emitter of GHG from fossil fuel combustion contributing rather small historic emissions of 0.25 Pg C year − 1 (Gloor et al., 2012) . However, the emissions by LU and LUC, especially by deforestation mainly from Amazon and Cerrado biomes contributes 0.34 Pg C year −1 (Gloor et al., 2012) , and had high impacts on increasing atmospheric concentrations of CO 2 (Gebara and Thuault, 2010; Gouvello et al., 2010; Soares-Filho et al., 2012; Magalhães et al., 2014; Groppo et al., 2015) . Brazil has implemented several key domestic and international initiatives to reduce GHG emissions and adopted policies to reduce emissions from deforestation in the Amazon forest by reducing the rate of deforestation by 60% between 2004 and 2014 that represented~20% less emission by global LUC (Gebara and Thuault, 2010; Gouvello et al., 2010; Groppo et al., 2015) . The potential of agricultural best management practices towards offsetting GHG emissions is estimated at 0.3 to 1.17 Pg C year −1 (Lam et al., 2013; Neufeldt et al., 2013; Neufeldt et al., 2015) and represents 2.7 to 10.4% of the global GHG emissions (Lal, 2004; Houghton, 2014; Le Quéré et al., 2014 and . Among these agricultural practices, the C sink capacity of no-till (NT) and associated cropping systems to offset emissions and mitigate climate change has generated intense debate (Powlson et al., 2014; Sommer and Bossio, 2014; Corbeels et al., 2016; Powlson et al., 2016; VandenBygaart, 2016) . The debatable issues include the effectiveness of NT to mitigate emissions (Neufeldt et al., 2013; Powlson et al., 2014; Sommer and Bossio, 2014) , and the feasibility of adopting agricultural best management practices and upscaling to regional scale (Sá et al., 2013; Corbeels et al., 2016; Powlson et al., 2016) . The contribution of NT management to mitigate climate change by C sequestration is perceived to be low presumably because: i) the capacity for soil C sink is finite (Sommer and Bossio, 2014; Adenle et al., 2015; Corbeels et al., 2016; Powlson et al., 2016; ) , ii) diverse crop sequences or combinations with worldwide adoption of NT promote variable effects of NT on crop yields at global scale (Pittelkow et al., 2014) ; iii) difficulty of obtaining credible estimates of SOC on landscape scale and requiring a complex framework encompassing a wide range of climate, soils (texture, mineralogy), crops and cropping systems which exacerbate uncertainties in assessing C sequestration (Sá, et al., 2013; Sommer and Bossio, 2014; Adenle et al., 2015; Lam et al., 2013) ; iv) high risks of re-emission of SOC sequestered because even a single tillage event in a long-term NT soil may negate previous gains in SOC stock ; v) a high variation and uncertainties of the C sequestration rates in fields under NT involving three conservation agriculture principles (FAO, 2014; Kassam et al., 2015) already practiced on b15% of the global cropland; and vi) low amount of the input of biomass-C return because of extreme weather events (e.g., long dry period or excessive rainfall). Soil C sequestration rates under NT in Brazil selected were based on the three principles that encompass conservation agriculture (e.g., minimum soil disturbance -restricted to the sowing line, permanent soil cover by crop residues or live mulches and crop rotation and intercropping) reported by FAO (2014) . Rates of C sequestration for tropical regions range from 0.83 to 1.61 and 1.37 to 2.05 Mg C ha −1-year −1 for 0-40 cm and 0-100 cm depths for (Sá et al., 2006; Blanchart et al., 2007; Sá et al., 2015; Corbeels et al., 2016; Miranda et al., 2016) . These rates for subtropical regions range from 0.91 to 1.61 and 0.52 to 1.95 Mg C ha Argentina, rates of soil C sequestration range from 0.40 to 1.55 Mg C ha − 1 year − 1 (Díaz-Zorita et al., 2002; Alvarez, 2005; Hernanz, et al., 2009; Alvarez et al., 2014) . The present study is based on the hypothesis of overlapping and synergistic effects among LCA activities which could accentuate environmental quality, improve agronomic productivity, and minimize global climate change. The strategy is to develop an approach that encompasses protection and improved management of natural resources through adoption of agricultural best management practices for improving production efficiency. It is this approach that is termed as "Low-Carbon Agriculture (LCA) to mitigate GHG emissions (Gouvello et al., 2010; Soares-Filho et al., 2012; Gebara and Thuault, 2010; Magalhães et al., 2014) . Thus, LCA is based on three principles: i) low carbon dioxide (CO 2 ) emissions from LU and LUC in response to Agricultural best management practices; ii) high CO 2 mitigation through agricultural production systems based on agricultural best management practices; and iii) high C sequestration potential with the adoption of integrated crop-livestock-forestry-systems. The LCA strategy was launched by the Brazilian government as a national program in 2010 to promote specific agricultural activities based on agricultural best management practices which involved six major themes (Gouvello et al., 2010; Soares-Filho et al., 2012; Magalhães et al., 2014) : i) restoration of degraded pastureland and promoting livestock intensification based on carrying capacity (RDPLi), ii) expansion of the area under NT and the associated cropping systems with high and diverse biomass-C inputs (NTcs), iii) adoption of integrated crop-livestock-forestry-systems (ICLFS), iv) promotion of biological N fixation (BNF), v) establishment of plantations of commercial forests and forestation (PCFF), and vi) application and recycling of industrial and animal wastes (IAW). Maintaining productivity gains at high levels necessitates adoption of agricultural systems with efficient management of the natural resources (Gouvello et al., 2010; Soares-Filho et al., 2012; Kang, 2013; Magalhães et al., 2014) . Further, enhanced use efficiency of external inputs (e.g., seeds, fertilizers, agro-chemicals, machinery and equipment) that can contribute to enhance food security. The concept of food security was established by the United Nation's Universal Declaration of Human Rights in 1948. Article 25, states that: everyone has the right to a standard of living adequate for the health and well-being of himself and of his family, including food (U. Nations, 2014, http://www.un.org/es/documents/udhr/). The situation of hunger in Latin America still affects over 34 million people, which requires greater efforts to achieve hunger eradication during the current generation situation (FAO, 2015) . Positive productive performance coupled with a diversity of policies that guarantee access for the most vulnerable, have helped to strengthen food and nutrition security and enabled the region to become a major global food supplier. Thus, an important discussion raises the following question: what is the potential of LCA strategies to mitigate climate change and advance food security in South America? This article is aimed at addressing this question.
Material and methods
In this study we used a method based on scenario analysis that means a process of analyzing possible future events by considering alternative possible outcomes, sometimes called "alternative worlds" (Duinker and Greig, 2007) . Quantitative trend extrapolation simply projecting past data into the future based on the assumption that certain phenomena are likely to persist. This means enable variation and uncertainty to be quantified, mainly by using distributions instead of fixed values in risk assessment.
2.1. Agricultural best management practices and low-carbon agriculture rationale Tilman et al. (2002) defined sustainable agriculture as agricultural best management practices that meet current and future societal needs for food and fiber, for ecosystem services, and for healthy lives, and that do so by maximizing the net benefit to society when all costs and benefits of the practices are considered. Therefore, in this study also, the term LCA refers to the adoption of agricultural practices characterized by low direct GHGs emissions, high storage of C in vegetation and soil, and strong mitigation of CO 2 emissions. It is a type of agriculture based on low or an efficient use of external energy inputs and may involve some of the followings: i) reduced or no soil ploughing to decrease fossil fuels input, ii) increased crop diversity and cover crops to strengthen nutrient cycling and nutrient use efficiency, iii) increased biological N fixation by legumes (Robertson and Grace, 2004; Hungria et al., 2006) to decrease industrial mineral fertilizer N input (contribution based on 15 N or N-ureides technique is circa of 80% of total N uptake by plant and 20% comes from soil, Hungria et al., 2006 and Hungria et al., 2006) , iv) reduced CO 2 emissions due to diverse production systems by combination of crop, livestock, and tree biomass production -integrated systems (Carvalho and Batello, 2009; Allen et al., 2010; Moraes et al., 2014) , v) decreased pollutant emissions through crop rotation based on crop diversity and biomass input to decrease agrochemicals inputs to control weeds, diseases and pests, and vi) increased profit margin of the farming system. The goal of the LCA approach is to develop a broad-based constituency of stakeholders including public and private, academic and civil society, and to promote the philosophy that soil is a vital but finite resource and, therefore, must be used, improved and restored. The six themes of LCA activities in this study comprise of: 1) restoring degraded pastureland to promote livestock intensification (RDPLi) envisaging the recovery of soil functionality based on three strategies: a) enhancing soil fertility through acidity correction (management of liming and gypsum use) and efficient use of NPK fertilizers. The coefficient of CO 2 Eq emissions from lime use for each hectare is 0.24 Mg CE and discounted from the offsets obtained by restoration of degraded pastureland and livestock intensification; b) introducing forage species with high quality and potential of biomass production; c) promoting livestock intensification based on forage management to increase carrying capacity; 2) Increasing land area under NT and the associated cropping systems (NTcs), based on the three CA principles: a) minimizing soil disturbance that is limited to planting row; b) establishing permanent soil cover with crop residues and live mulches; and c) enhancing bio diversification of plant species regarding crop rotation and intercropping with high biomass-C input; 3) adopting Integrated Crop-Livestock-Forestry-Systems (ICLFS) to promote synergistic effects among the components. It consists of growing forest species simultaneously with commercial crops (e.g., soybeans, maize, or beans) added during the first 2 or 3 years. After crop harvest, the area is planted to forage for livestock, associated with maize (Zea mays) or sorghum (Sorghum bicolor). By the time grains are harvested, the pasture is already established between the tree rows, enabling grazing, until the timber is harvested; 4) promoting biological N fixation (BNF), through bio catalytic conversion of atmospheric N 2 to ammonium. In agricultural production systems, the most important contribution occurs with the symbiosis of dinitrogen-fixing bacteria and plants, such as soybean and majority of other legumes; 5) establishing plantations of commercial forests and forestation (PCFF), within the land area of cultivated forests with species characterized by fast growth and wood use for construction, furniture, and for recreation, and 6) treating and recycling industrial and animal wastes (IAW) resulting from animal production for generation of energy and for composting envisaged to replace or fortify the mineral fertilizer.
Criteria adopted to expanding land under LCA
Estimates for mitigation potential in this study cover a total of 35 years, divided into three periods. The criteria used to define each period were based on the following: (i) the 2016 to 2020 period was based on premises of LCA program launched by the Brazilian government in 2010 (Gouvello, et al., 2010; Brazilian Low-Carbon Agriculture Program, 2012 ) that defined goals for what agriculture would be used to attain the main targets proposed at COP 15. The projections until 2020 (Table 1) were used as base line for this period; (ii) the 2021 to 2035 period was based on the estimate of land expansion using national surveys, Landsat cover and inventories to adjust a linear and polynomial regressions to obtain the angular coefficient to estimate the land expansion and the uncertainties for each coefficient; (iii) the 2036 to 2050 period followed the methodology applied to 2021 to 2035 but adding a reduction factor to adjust the coefficients because the increases are not linear or indefinably crescent.
The pattern to establish the land expansion for each LCA activity is based on four principles: i) choosing the basic target defined by LCA program launched by the Brazilian Government (Gouvello et al., 2010; Brazilian LCA program, 2012; Magalhães et al., 2014) , and predicting strategies to be achieved for the period 2016 to 2020 as adjusted for the countries mentioned in Table 1 ; ii) using national surveys with historic series of evolution of cropland (http://www.conab.gov.br/ conteudos.php?a=1252&), livestock, forestry cover, and data about industrial waste processing, iii) using Landsat information for land use surface evolution (Gusso, et al., 2012) , and iv) using linear regression of the historic series to calculate growth rates for integrated crop-livestock-forestry-systems, NT cropping systems, biological N fixation and plantations of commercial forest and forestation. The data about expansion of land for each LCA activity are obtained from national surveys and FAOSTAT (FAO, assessed in June and December of 2015).
The column entitled "current land" use shown in Table 1 represents the status of LCA activities updated to December 2015 according to surveys (Gouvello et al., 2010; Brazilian LCA program, 2012) , and was used to calculate the historical C-offset until 2015 (Food and Agriculture, 2016) .
The value for restoration of degraded pastureland and livestock intensification was based on the assertion of LCA Brazilian program for the period from 2016 to 2020, and combined with projection for Argentina (land area under NT management, assessed in June 2015), Chile and other South America countries (FAOSTAT assessed in November 2015). The integrated crop-livestock-forestry-systems, plantations of commercial forest and forestation, biological N fixation and industrial and animal wastes values for the period 2016 to 2020 were obtained from LCA Brazilian program (see Table 1 ), adjusted with prediction for Argentina and Chile and estimated for other South America countries (Uruguay, Peru, Colombia, Bolivia).
The coefficients listed in Table 1 (Annual land expansion/country) refer to the angular coefficients obtained from regression analysis using National survey database for each LCA activity. 
Rationale for deducing LCA coefficients
The coefficients for estimating the C-offset were based on four principles: i) refereed articles identified in Web of Science, ii) national surveys and historical series emphasizing the growth rate of each activity, iii) the Brazilian target for LCA program launched in 2010 and adjusted for the period from 2016 to 2020 (Table 2) and Brazilian participation on COP-21, and iv) weighted average and linear regression applied to the data series to estimate the growth rate for expansion of cropland and prediction of food production (Tilman and Clark, 2014) . The restoration of degraded pastureland and livestock intensification coefficient for the periods from 2021 to 2035 and 2036 to 2050 (Zhu et al., 2016) were obtained considering a rate of decline (Gibbs and Salmon, 2015) in land restoration of 0.8% (e.g., 12% for the whole period) and 0.73 (e.g., 11% for the whole period), respectively. The integrated crop-livestock-forestry-systems (Carvalho and Batello, 2009; Allen et al., 2010; Moraes et al., 2014; Gil et al., 2015) and NT cropping systems for 2016 to 2020 were based on the average rate of SOC sequestration obtained from refereed journal articles involving the three components of NT (low soil disturbance, continuous ground cover, and diversified crop rotation (The three principles of conservation agriculture, 2014)) (Derpersch et al., 2014; FAO, 2014; Tilman and Clark, 2014) . The articles which did not follow these criteria were excluded. In addition, those articles were selected which also reported SOC stock measurements to 1-m depth. The coefficients for the calculation of NT expansion area were obtained from linear regressions from the historical data for Brazil and Argentina. The coefficient of expansion was 1.64 year Table 1 . The biological N fixation coefficient was obtained based on the approach that the efficiency of Fertilizer-N applied in tropical and subtropical regions is 50% less than that for each kg of N synthesized by soybean via biological N fixation (Robertson and Grace, 2004; Hungria et al., 2006; Ormeño-Orrillo et al., 2013 , and these two countries accounted for~90% of all soybean grains produced in South America; ii) the amount of N absorbed by 1 Mg of soybean grain is 80 kg, and the total amount of N absorbed per hectare (based on the average for soybean in Brazil) was 252 kg N ha
; iii) the contribution of biological N fixation (BNF) per each Mg of soybean grain was 79 to 84% (Hungria et al., 2006) , and the average was 81.5% and equivalent to 0.815; iv) 1 kg of N derived from biological N fixation was equivalent to 2 kg of Fertilizer-N, based on the efficiency concept of N use; and v) the GHG emission caused by each kg of Fertilizer-N is equivalent to 4.5 kg CO 2 -C eq (Hungria et al., 2006) . Thus, the coefficient of BNF to estimate C-offset contribution per ha −1 was calculated as follow:
Contribution of BNF per ha −1 : 252 kg N ha −1 Â 0:815 
Table 2
Coefficients to estimate C-offsets for each Low-Carbon Agriculture (LCA) activities in South America. Where:205 kg N ha −1 represents the total amount of N derived from BNF and the factor 2 represents the Fertilizer-N efficiency (equivalent to 50% for each kg of N from BNF absorbed).
LCA
Equivalence to CO 2 −C eq ¼ 410 kg N ha
Where:410 kg N ha −1 is the equivalence between the BNF-N and Fertilizer-N, and 4.5 is the coefficient that represents the equivalent emissions for 1 kg of Fertilizer-N. Thus, the annual mitigation potential for each ha of soybean was 1.845 Mg CO 2 -C eq or 0.504 Mg C ha −1 year −1 . The BNF balance was discounted at the start of the N application used in the fertilizer formula (i.e., 8 kg N ha − 1 ). Thus, the emissions discounted were: 8 kg N × 4.5 kg CO 2 -C eq = 36 kg CO 2 -C eq ha − 1 or 0.036 ton CO 2 -C eq ha −1 .
Calculations of C-offset predictions
The prediction of C-offset for all LCA activities was based on two calculations procedure as follow: 
Where:C-offset is the amount of C mitigated by each LCA activity in Current land refers to the land area until December 2015 under LCA; and coefficient for each LCA activity refers to the historical coefficients listed in Table 2 . For example: 10 Mha is the current land for restoring degraded pasture and livestock intensification area until 2015 ( Table 1) that was included in the restoration process; and 1.2 is the coefficient (Table 2) used to calculate C-offset.
2) Estimation of C-offset for LCA activities for each project period in this study. (Table 2 ) and, divided per 1000 to transform millions of Mg C into Pg C. The same procedure was used for all LCA activity coefficients and for each period 2.5. Ecosystem carbon pay-back time rationale, calculations and estimation of food increase by LCA strategies
The term ecosystem carbon pay-back time was reported by Gibbs et al. (2008) to designate the number of years needed to produce carbon savings from burning biofuels instead of, to compensate for carbon emissions incurred by clearing land to grow biofuel crops. In this study, the focus was on the relationship between clearing land for food crops and pastures on the concept of how large the agricultural systems carbon debts are, and how many years are required to repay them. It means that the losses by burning vegetation during the conversion to agricultural systems and the soil C oxidation through plough tillage to grow crops can be compensated by an agricultural system with capability to compensate these losses. The carbon debt was based on the report by Lal (2004) that accounted for the historical losses by soil of 78 Pg C and 67 Pg C by deforestation, and the losses by South America equivalent to 15.4 Pg C (7.3 by soil losses and 8.1 by deforestation = burning the vegetation) reported by Gloor et al., (2012) . The ecosystem C pay-back time (ECPT) was calculated referring to annual world and South America (SA) emissions by LU and LUC as follow: 1) World compensation:
ECPT ¼ Annual C emissions by LU and LUC in the world=Annual C offset by LCA of each period
Where:ECPT is ecosystem C pay-back time and refers to the number of years spent by LCA strategies to recover the amount of C lost by deforestation and soil oxidation by plough tillage; annual C emissions by LU and LUC in the world refers to the emissions equivalent to 1.1 Pg C reported by Le Quéré et al., (2014) , and annual C offset by LCA refers to the amount of C mitigation by LCA strategies for each period estimated in this study. 
Where:Annual C emissions by LU and LUC in SA is 0.34 Pg C (Gloor et al., 2012) , and annual C offset by LCA of each period in SA refers to the C mitigation by LCA strategies for each period and the entire period (2016 to 2050) estimated in this study.
ECPT ¼ Historical C losses by vegetation burning and soil cultivation=C mitigation by LCA strategies for each and the entire period:
The estimations of food increase in response to LCA implementation was based on the following procedure: i) survey of average yield of the main crops involved in the production systems; ii) expanded land area for each LCA activity; and iii) net gain of LCA based on the difference between crop yield under conservation agriculture and plough tillage. Food production was obtained by multiplying yield ha − 1 by the expansion area in Mha. Average yields for estimation was based on the National surveys and international reports (http://apps.fas.usda.gov/psdonline/circulars/production.pdf). We used the weighted average between Brazil and Argentina for soybean for 2015 (Soybean = 3.16 Mg ha America up-to-date for 2015, and 9.4 Mha refers the expansion area in million ha with soybean under restoring degraded pasture and livestock intensification in South America.
Results

Scenarios for carbon offsets with LCA
The following scenarios are based on the global SOC stock to 1-m depth. Considering only the surface 0-30 cm layer (plough depth) is not sufficient because it does not include the large SOC stock in the sub-soil (Sá et al., 2013; Sommer and Bossio, 2014; Adenle et al., 2015) . On the other hand, estimates of SOC stock to 2 or 3-m depth are not yet widely available.
Three scenarios are considered feasible to expand the protocol based on the voluntary mitigation goal proposed by Brazil in Copenhagen in 2009 (Gouvello et al., 2010; Magalhães et al., 2014) . The large reduction in deforestation in the Amazon biome was proposed because it is the major source of C emissions. The proposal announced by Brazil was to reduce GHG emissions by 36.1-38.9% by 2020 through creation of a National Climate Change Policy Plan (Darela filho et al., 2016) .
In the first scenario envisaging the period of 2016-2020, thereafter designated "Reference Scenario", the goal is to reduce global GHG emissions by 10% from LU and LUC with high intensification of three LCA activities: (i) restoration of degraded pastureland and livestock intensification, integrated crop-livestock-forestry system, and expansion of NT cropping systems. NT is widely practiced in South America, on 64 million hectare (Mha) that represents 41.3% of the 155 Mha global land area under NT (Lal, 2015) . The strategy is to expand the adoption of NT on 12.7 Mha in SA (8.2 Mha in Brazil) along with diversification and intensification of the cropping systems based on the rationale of: "producing more with less", thereby reducing CO 2 emissions, enhancing C sequestration, and making agriculture integral to any agenda to mitigating climate change (Lal, 2014; Magalhães et al., 2014) . In this scenario, we included the Brazilian government proposal and from other South America countries comprising of 20 Mha of degraded pastureland to be restored, 6.3 Mha of land to be managed under integrated crop-livestock-forestry system, 5.5 Mha additional land to be used for growing oil crops (soybean) with the auxillary benefits of biological N fixation, and 7 Mha for using industrial and animal wastes. The implementation of the reference scenario can offset 7.5% of global emissions from LU and LUC. Agricultural management activities to achieve this target include restoration of degraded pastureland and livestock intensification of 41.4%, NT cropping systems with contribution of 24.9%, and integrated crop-livestock-forestry-systems of 13.7%, and -these three activities achieve 80% of GHG mitigation from 2015 to 2020 (Table 3) .
In the 2nd scenario covering the target period of 2021 to 2035, total area under agricultural use will be expanded to reduce GHG emissions from LU and LUC by~20%. Most of the envisioned expansion is expected to occur through the restoration of degraded pastureland and livestock intensification, by increase of the carrying capacity on 35 Mha (2.3 Mha year which is expected to occupy most of these areas. This scenario involved the enhancement potential of integrated crop-livestock-forestry-systems, which is almost 10 times as long as the first one, and is based on the intensification of livestock production systems ( Table 1 ). The implementation of the reference scenario can offset 22.3% of global emissions from LU and LUC. The restoration process is accentuated by synergism between diversification, input of livestock waste (urine and feces), and increase in crop biomass through biological N fixation by including legumes in the rotation which can offset 24.5% of global LU and LUC emissions.
In the third scenario covering the target period of 2036 to 2050, the goal is to reduce GHG emissions from LU and LUC by 30%. The strategy is to implement integrated crop-livestock-forestry-systems on 30.9 Mha (Table 1) , consolidate NT cropping systems on 75% of arable land area, expand restoration of degraded livestock pastureland through restoration and intensification of pastureland, expand oil crop production in conjunction with biological N fixation to 22.1 Mha (Table 1 ) and increase biological N fixation in other legumes used for grain production and green manure, and recycle industrial and animal waste. The optimization of agricultural best management practices is highlighted by the enhancement of all agricultural activities to achieve the best performance. Thus, improved productivity can offset 25.2% of global LU and LUC emissions through integrated management of soil resources. Adoption of NT cropping systems stabilizes, and the lack of restoration of degraded pastureland and livestock intensification and integrated croplivestock-forestry-systems advances while achieving the mitigation goals.
Discussion
Global carbon offset by adopting LCA
During the first period, enhancing diversification of biomass-C input associated with NT cropping systems accentuates SOC buildup in depleted tropical lands as the driving force to increase the mitigation of GHG emissions. Increase in input of biomass-C from 4.5 Mg C ha − 1 year − 1 to 6.0-8.0 Mg C ha − 1 year − 1 by biodiversity enhancement makes NT cropping systems an important BMP's for restoring SOC stocks (Lal, 2010; Antle and Ogle, 2012; Kirkegaard et al., 2014; Carter et al., 2015; Castelhano et al., 2015; Corbeels et al., 2016) . Any concerns about a limited potential of NT, can be addressed by adopting a system approach (Sommer and Bossio, 2014; Sá et al., 2015; Corbeels et al., 2016) . Indeed, both technical and attainable potential of C sequestration by NT can be enhanced by synergistic action among the components of conservation agriculture and improvement of agricultural best management practices through strategic combination of quantity, quality and frequency of biomass-C additions (Diekow et al., 2005; Blanchart et al., 2007; Sá et al., 2015) . NT will be a strong option for SOC sequestration when practiced with due consideration of the conceptual components for conservation agriculture. Instead, SOC sequestration by NT without a C-offset estimated for the current surface area until December 2015 (see Table 1 all components is almost nil or negligible (Boddey et al., 2010; Lal, 2015; Sá et al., 2015) . SOC sequestration is triggered by the positive balance between C gains by input of crop residues and C losses by microbial oxidation, soil erosion and leaching. Nevertheless, the contribution of NT cropping systems is finite, and is determined by the time taken to attain C saturation. The latter can vary from 50 to 87 years (Sommer and Bossio, 2014) . The LCA activities involve contributions to restoration of degraded pastureland and livestock intensification by 41.4%, followed by NT cropping systems (24.9%), integrated crop-livestock-forestry-systems (16.1%), and accounting for 80% of the estimated C sink capacity of 0.41 Pg C or 0.08 Pg C year − 1 for the 2016-2020 period (Fig. 1) . Soil productivity can be doubled or even tripled in response by: increasing input of biomass-C by growing cover crops, neutralizing soil acidity, enhancing soil fertility, and restoring degraded pasturelands by increasing the animal units per ha from 2.5 to 3.0 which can double or even triple agronomic productivity (Hobbs et al., 2008; Lal, 2010; Tilman and Clark, 2014) . For the second period, the mitigation potential is increased to 22.3% (Table 3 ) of the LU and LUC emissions driven by restoration of degraded pastureland and livestock intensification (29.1%), integrated crop-livestock-forestry-systems (26.0%), and NT cropping systems (25.5%) achieving 80.6% of the sink capacity.
During the third period, the principal strategy is to: promote adoption of agricultural best management practices, integrate processes of soil C cycling, restore soil resilience, advance sustainable agriculture that enhance the mitigation potential to 25.5% of the world LU emissions. Overall the restoration of degraded pastureland and livestock intensification have a potential to mitigate GHGs by 31.6% compared with that of 26.5% for integrated crop-livestock-forestry-systems and 23.2% for NT cropping systems. However, increase in NT cropping systems can be up to 49.7% (weighted average) when it is associated with integrated crop-livestock-forestry-systems, because NT is a basic soil management in all operation of integrated crop-livestock-forestry-systems.
Thus, the total C offset including all three scenarios is predicted to be 8.38 Pg C over 35 year period from 2015 to 2050 (Fig. 1) . Although NT cropping systems has an important impact on mitigating GHG emissions (Table 3 , weighted average % for entire period = 24.4%), other components of the Agricultural best management practices interacting in synergism with NT could have even higher mitigational impact. The basic strategy of LCA is to promote a systemic approach of reducing fluxes of GHG from soil while meeting the needs of growing population by enhancing the productive capacity of soil resources and advancing food and nutritional security. Thus, improving the environment and offsetting anthropogenic emissions can also increase food production. Implementation of LCA between 2016 and 2050 in South America can increase food production (Table 4) , respectively, or~10% increase in the world food production. It is also justified to conclude that the adoption of LCA after the third period of South America can offset 0.28 Pg C (Fig. 1) , which is equivalent to negating 25.5% of global LU and LUC emissions (Fig. 1) . These projections are also in accord with the recent findings for the tropics (Carter, et al., 2015) .
Most impacts of LCA activity have been attributed to Brazil's contribution of 65.7, 70.7 and 69.8% to the C-offset for 2016-2020, 2021-2035 and 2036-2050, respectively . Similar offset for Argentina are estimated at 21.8%, 22% and 21.0%, respectively. Brazil is geographically the largest country in South America occupying 48% of the total land area of 17.8 × 10 6 km 2 , followed by Argentina (16%), Peru (7%), Colombia (6%), Bolivia (6%), Venezuela (5%) and Chile (Fig. 1) . The synergism between agricultural best management practices guides the scenarios and show that the strategy is to optimize the interactions between practices. The NT cropping systems applied only to annual crops responded with a limited C offset of 24.4%, but when the base line is integrated with the crop-livestock-forestry components to constitute integrated crop-livestock-forestry-systems, this contribution increases to 50%. The main point of the debatable issue concerning NT systems is not to discuss this matter in isolation of the agricultural best management practices. Thus, the strategy is the combination of best management practices tools resulting in a better performance. The data presented herein show an overlap between the benefits of LCA in the total area. The net LU and LUC expansion is based mainly in four LCA components: restoration of degraded pastureland and livestock intensification, integrated crop-livestock-forestry-systems, NT cropping systems and plantations of commercial forest and forestation. The biological N fixation and industrial and animal waste components are included in the land expansion for time that these two components are associated with the crop or soil management in the LCA components mentioned previously. The total land expansion predicted by LCA in SA was 241 Mha because the activities such as industrial and animal waste and biological N fixation area comprise part of the activities of integrated crop-livestock-forestry-systems or NT cropping systems, and restoration of degraded pastureland and livestock intensification are in cleared area and part of the land surface maybe either abandoned or has low productivity.
Ecosystems carbon pay-back time and food production increase by LCA strategies
In the first scenario the ecosystems C pay-back time calculated on the basis of LCA activities for the forest biomass burning and soil oxidation is~188 years and the mitigation potential is 7.5% of the world LU emissions. In the meantime, the effort for this period is far from accomplishing the ecosystems C pay-back time due to the finite C accumulation in soils and limiting C storage to no longer than 50 to 70 years (Adenle et al., 2015; Lal, 2015; Sommer and Bossio, 2014) . The goal of restoring degraded pasture and livestock intensification contributed 41.8% of the mitigation and the effort of the intensification based on carrying capacity adjusting for better forage species could be the driving force to enhance this strategy.
In the second scenario the ecosystems C pay-back time is reduced to 63 years and intensification of LCA activities promoted 22.3% of the world LU emissions because of the intensification process compared to the first period and is also compatible with soil C sink capacity.
In the third scenario the pay-back time in this period is decreased to 56 years, and is a feasible C accumulation interval that can lead to an extra C storage through adoption of those practices which create a positive soil carbon budget and also enhance the mean residence time of the carbon. In addition to the magnitude of input of biomass carbon, its quality and composition are also important to SOC sequestration. The improvement of synergistic actions between agricultural best management practices can consolidate a better performance of the agricultural activities achieving~25.2% of the mitigation of the world emissions.
The estimate of food production (Table 4) was based on the expansion of the area under oil crop (soybean) and cereals (maize and wheat). The adoption of LCA strategies can increase 615 Mton of cereals and edible oils and 55 Mton of meat. Proportioning for restoration of degraded pastureland and livestock intensification, integrated crop-livestock-forestry-systems and NT cropping systems and the meat production was done similarly and following the procedure described. The contribution of NT cropping systems was 55.3% and followed by integrated crop-livestock-forestry-systems (27.4%) and restoring degraded pasture and livestock intensification (17.3%) ratifying that environmental conservation with the adoption of an agricultural system that reduces soil losses and preserving it for a long period is a reliable strategy. Although it has the highest mitigation capacity compared to Restoring degraded pasture and livestock intensification and integrated crop-livestock-forestry-systems stands out in greater grain production.
Soil organic carbon sequestration in a changing climate
The projected climate change may alter SOC sequestration rates and limit the mitigation potential of LCA activities but a detailed analysis of the consequences is beyond the scope of this study. Climate change involving: (i) increases in atmospheric CO 2 concentrations; (ii) increases in air temperatures; (iii) significant and/or abrupt changes in daily, seasonal, and inter-annual temperature; (iv) changes in the wet/dry cycles; (v) increase in frequency of intensive rainfall and/or heavy storms; (vi) increase in extended periods of drought; (vii) increase in extreme frost; (viii) increase in heat waves; and (ix) increasee in fire frequency, which may all affect SOC sequestration (Qafoku, 2015) . Response of SOC to climate change can be complex, along with numerous uncertainties and unresolved issues. Among them are: (i) accelerated weathering of soil minerals and along with increase in SOC fluxes in and out of soils; (ii) increased use of soil/geo-engineering methods used to increase SOC sequestration; (iii) increased SOC protection, transformation and mineralization; and (iv) increased sensitivity of SOC to temperature (Qafoku, 2015) .
There exists a vast uncertainty in responses of belowground C flux estimates to climate change induced alterations in soil C inputs and heterotrophic respiration (Le Quéré et al., 2014 and . SOC input and output fluxes depend on environmental variables which may change with change in the future climate, but the sensitivity of these fluxes is not adequately known (Giorgi, 2006) . For example, the primary soil C input of net primary production (NPP) generally increases with increase in temperature, moisture, and CO 2 up to some maximum, and which increases inputs of C into soil (Todd-Brown et al., 2014) . However, increase in NPP due to climate change and any attendant increase in SOC sequestration are not known. There is a large uncertaintly in possible increase in loss of C added through decomposition, erosion or leaching. Further, the primary pathway of the loss of SOC via heterotrophic respiration is also sensitive to climate change. In general, the heterotrophic respiration increases with increase in temperature (Davidson and Janssens, 2006) and moisture regimes in well-drained soils (Cook and Orchard, 2008) . While the decomposition of SOC may increase with increase in temperature (Bond-Lamberty and Thomson, 2010) , recent studies have postulated that this may be a temporary effect, potentially mitigating the expected SOC losses due to climate change (Kirschbaum, 1995) . Specifically, microbial heterotrophic activity may adapt to sustained temperature increase by a decrease in heterotrophic soil respiration rate per unit microbial biomass (Bradford et al., 2008) . Nevertheless, many studies have hypothesized that rising temperatures may increase SOC losses through decrease in the soil turnover times. However, aggregate formation and mineral-organic interactions may enhance SOC sequestration and stabilize SOC (Dungait et al., 2012) , limiting the response to increased temperature. Many Earth system models (ESMs) have predicted increases in SOC depending on sustained increases in NPP with global change primarily driven by increasing CO 2 (Todd-Brown et al., 2014) . However, most ESMs omitted potential constraints on SOC sequestration and storage, such as the priming effects, nutrient availability, mineral surface stabilization, and aggregate formation. However, not accounted for are microbial acclimation to increasing temperatures (Chen and Tian, 2005) , and CO 2 -induced changes in the microbial community composition (Carney et al., 2007) . For example, microbial models predict stronger SOC responses to climate change compared to the ESMs which do not explicitly include microbial biomass dynamics into the C cycle model formulations (Hararuk et al., 2015) . The primary areas of empirical uncertainty that generate low confidence in feedback projections of SOC to climate change are: (i) the paucity of direct observations of warming effects on SOC stocks; (ii) the potential for organism responses to warming to alter short-term biogeochemical responses; and (iii) the dramatically changing ideas about how SOC formation and stabilization are regulated (Bradford et al., 2016) . The major modelling uncertainty is associated with representing common and outdated ideas about SOC turnover in the soil sub-models of the ESMs. Thus, representing an advanced understanding of SOC stabilization in models would be the first step to build confidence in projections of SOC feedbacks to climate change (Tang and Riley, 2015) . Specifically, important advances in understanding the temperature response of the processes that control substrate availability, depolymerization, microbial efficiency, and enzyme production are needed to predict the fate of SOC stocks in a warmer world (Conant et al., 2011) .
Conclusions
The adoption of agricultural systems in South America based on Low-Carbon Agriculture strategies can alter the growing trend of Land Use and Land Use Change emissions. It can offset the global annual emissions by 7.5% for 2016 to 2020, 22.3% for 2021 to 2035 and 25.2% for 2036 to 2050, and mitigate 8.24 Pg C for the 2016 to 2050 period. The contribution of NT cropping system to mitigate global climate change, based on weighted average for Low-Carbon Agriculture strategies for the entire period, is as much as 24.3%. The impact of NT is especially effective when combined with other agricultural best management practices such as restoring degraded pasture and livestock intensification (31.0%) and integrated crop-livestock-forestry system (25.6%). Thus, the contribution of those three activities are equivalent to 80.9% of the global emissions by Land Use and Land Use Change. In this study the ecosystem C pay-back time was feasible only for the second (63 years) and the third scenario period (56 years) considering that C accumulation in soils is limited to 70 years. The adoption of Low-Carbon Agriculture strategies can also increase food production for the entire period (2016 to 2050) by 615 Mton in the expanded land area under best management practices and 55 Mton of meat. The expansion of NT cropping system can produce 55.3% of the cereal and oil crops while the restoration of degraded pasture and livestock intensification account for 71.2%, and integrated crop-livestock-forestry system contributes 28.8% of meat production. These results indicate that combined actions in agricultural management systems can result in synergistic responses that can be the basis to make agriculture an important part of the solution of the global climate change and advance food security.
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